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ABSTRACT
We describe the afterglows of the long gamma-ray-burst (GRB) 130427A within the context of a binary-driven
hypernova (BdHN). The afterglows originate from the interaction between a newly born neutron star (νNS), created
by an Ic supernova (SN), and a mildly relativistic ejecta of a hypernova (HN). Such a HN in turn results from the
impact of the GRB on the original SN Ic. The mildly relativistic expansion velocity of the afterglow (Γ ∼ 3) is
determined, using our model independent approach, from the thermal emission between 196 s and 461 s. The power-
law in the optical and X-ray bands of the afterglow is shown to arise from the synchrotron emission of relativistic
electrons in the expanding magnetized HN ejecta. Two components contribute to the injected energy: the kinetic
energy of the mildly relativistic expanding HN and the rotational energy of the fast rotating highly magnetized νNS.
We reproduce the afterglow in all wavelengths from the optical (1014 Hz) to the X-ray band (1019 Hz) over times from
604 s to 5.18 × 106 s relative to the Fermi-GBM trigger. Initially, the emission is dominated by the loss of kinetic
energy of the HN component. After 105 s the emission is dominated by the loss of rotational energy of the νNS, for
which we adopt an initial rotation period of 2 ms and a dipole plus quadrupole magnetic field of . 7 × 1012 G or
∼ 1014 G. This scenario with a progenitor composed of a COcore and a NS companion differs from the traditional
ultra-relativistic-jetted treatments of the afterglows originating from a single black hole.
Keywords: gamma-ray burst: general — binaries: general — stars: neutron — supernovae: general
— black hole physics — hydrodynamics
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21. INTRODUCTION
It has been noted for almost two decades (Galama
et al. 1998) that many long-duration GRBs show the
presence of an associated unusually energetic supernova
(SN) of type Ic (hypernova, HN) as well as of a long-
lasting X-ray afterglow (Costa et al. 1997). Such HNe
are unique in their spectral characteristics; they have
no hydrogen and helium lines, suggesting that they are
members of a binary system (Smartt 2009). Moreover,
these are broad-lined HNe suggesting the occurrence of
energy injection beyond that of a normal type Ic SN
(Lyman et al. 2016).
This has led to our suggestion (e.g. Ruffini et al. 2001c;
Izzo et al. 2012) of a model for long GRBs associated
with SNe Ic. In this paradigm, the progenitor is a
carbon-oxygen star (COcore) in a tight binary system
with a neutron star (NS). As the COcore explodes in a
type Ic SN it produces a new NS (hereafter νNS) and
ejects a remnant of a few solar masses, some of which
is accreted onto the companion NS (Rueda & Ruffini
2012). The accretion onto the companion NS is hyper-
critical, i.e. highly super-Eddington, reaching accretion
rates of up to a tenth of solar mass per second, for the
most compact binaries with orbital periods of a few
minutes (Fryer et al. 2014). The NS gains mass rapidly,
reaching the critical mass, within a few seconds. The
NS then collapses to a black hole (BH) with the con-
sequent emission of the GRB (Fryer et al. 2015). In
this picture the BH formation and the associated GRB
occurs some seconds after the initiation of the SN. The
high temperature and density reached during the hyper-
critical accretion and the NS collapse lead to a copious
emission of νν¯ pairs which form an e+e− pair plasma
that drives the GRB (see e.g. Becerra et al. 2015, 2016;
Ruffini et al. 2016). The expanding SN remnant is re-
heated and shocked by the injection of the e+e− pair
plasma from the GRB explosion (Ruffini et al. 2018).
The shocked-heated SN, originally expanding at 0.2c,
is transformed into an HN reaching expansion velocities
up to 0.94c (see Sec. 3). A vast number of totally new
physical processes are introduced that must be treated
within a correct classical and quantum general relativis-
tic approach (see e.g. Ruffini et al. 2018, and references
therein). The ensemble of these processes, addressing
causally disconnected phenomena, each characterized by
specific world lines, ultimately leads to a specific Lorentz
Γ factor. This ensemble comprises the binary-driven hy-
pernova (BdHN) paradigm (Ruffini et al. 2016).
In this article we extend this novel approach to the
analysis of the BdHN afterglows. The existence of reg-
ularities in the X-ray luminosity of BdHNe, expressed
in the observer cosmological rest-frame, has been pre-
viously noted leading to the Muccino-Pisani power-law
behavior (Pisani et al. 2013; Ruffini et al. 2014). The
aim of this article is to now explain the origin of these
power-law relations and to understand their physical ori-
gin and their energy sources.
The kinetic energy of the mildly relativistic expand-
ing HN at 0.94c following the γ-ray flares and the X-ray
flares, as well as the overall plateau phase, appears to
have a crucial role (Ruffini et al. 2014). Equally cru-
cial appears to be the contribution of the rotational en-
ergy electromagnetically radiated by the νNS. As we
show in this article, the power-law luminosity in the
X-rays and in the optical wavelengths, expressed as a
function of time in the GRB source rest-frame, could
not be explained without their fundamental contribu-
tion. We here indeed assume that the afterglow origi-
nates from the synchrotron emission of relativistic elec-
trons injected in the magnetized plasma of the HN, using
both the kinetic energy of expansion and the electromag-
netic energy powered by the rotational energy loss of the
νNS (see Sec. 4).
As an example, we apply this new approach to the af-
terglow of GRB 130427A associated to the SN 2013cq,
in view of the excellent data available in X-rays, optical
and radio wavelengths. We fit the spectral evolution of
the GRB from 604 to 5.18×106 s and over the observed
frequency bands from 109 Hz to 1019 Hz. We present our
simulations of the afterglow of GRB 130427A suggesting
that a total energy of order ' 1053 erg has been injected
into the electrons confined within the expanding mag-
netized HN. This energy derives from the kinetic energy
of the HN and the rotational energy of the νNS with a
rotation period 2 ms, containing a dipole or quadrupole
magnetic field of (5–7)× 1012 G or 1014 G.
The article is organized as follows. In Sec. 2 we sum-
marize how the BdHN treatment compares and con-
trasts with the traditional collapsar-fireball model of
the GRB afterglow which is based on a single ultra-
relativistic jet. In Sec. 3 we present the data reduc-
tion of GRB 130427A. In Sec. 4 we examine the basic
parameters of the νNS relevant for this analysis such as
the rotation period, the mass, the rotational energy, and
the magnetic field structure. We introduce in Sec. 5 the
main ingredients and equations relevant for the com-
putation of the synchrotron emission of the relativis-
tic electrons injected in the magnetized HN. In Sec. 6
we set up the initial/boundary conditions to solve the
model equations of Sec. 5. In Sec. 7 we compare and
contrast the results of the numerical solution of our
synchrotron model, the theoretical spectrum and light-
curve, with the afterglow data of GRB 130427A at early
times 102 s . t . 106 s. We also show the role of the
3νNS in powering the late, t & 106 s, X-ray afterglow.
Finally, we present our conclusions in Sec. 8 outlining
some possible further observational predictions of our
model.
2. ON BDHNE VERSUS THE TRADITIONAL
COLLAPSAR-FIREBALL APPROACH
In Ruffini et al. (2016) it was established that there
exist seven different GRB subclasses, all with binary sys-
tems as progenitors composed of various combinations
of white dwarfs (WDs), COcores, NSs and BHs, and that
in only in three of these subclasses are BHs formed. Far
from being just a morphological classification, the iden-
tification of these systems and their properties has been
made possible by the unprecedented quality and extent
of the data ranging from X-ray, to the γ-ray, to the GeV
emission as well as in the optical and in the radio. A
comparable effort has been progressing in the theoreti-
cal field by introducing new paradigms and developing
consistently the theoretical framework.
The main insight gained from BdHN paradigm, one
of the most numerous of the above seven subclasses,
has been the successful identification, guided by the ob-
servational evidence, of a vast number of independent
processes of the GRB. For each process the correspond-
ing field equations have been integrated, obtaining their
Lorentz Γ factors as well as their space-time evolution.
This is precisely what has been done in the recent publi-
cations for the ultrarelativistic prompt emission (UPE)
in the first 10 seconds with Lorentz factor Γ ∼ 500–
1000, the hard X-ray flares (HXF) with Γ ∼ 10 and
for the mildly relativistic soft X-ray flares (SXF) with
Γ ∼ 2−3 (Ruffini et al. 2018) with the extended thermal
X-ray emission (ETE) signaling the transformation of
a SN into a HN (Ruffini et al. 2017).
Here we extend the BdHN model to the study of the
afterglow. As a prototype we utilize the data of GRB
130427A. We point out for the first time:
1. The role of the hypernova ejecta and of the rota-
tion of the binary system in creating the condition
for the occurrence of synchrotron emission, rooted
in the pulsar magnetic field (see Sec. 4).
2. The fundamental role played by the pulsar like be-
havior of the νNS (see Fig. 6) and its magnetic field
to explain the fit of a synchrotron model based on
the optical and X-ray data (see Fig. 4).
3. To develop a model of the afterglow consistent
with the mildly relativistic expansion velocity
measured in the afterglows following a model-
independent procedure (see Eq.(1) and Fig. 1 in
Sec. 3).
In the current afterglow model (see, e.g., Piran 1999;
Me´sza´ros 2002, 2006; Kumar & Zhang 2015, and refer-
ences therein) it is tacitly assumed that a single ultra-
relativistic regime extends all the way from the prompt
emission, to the plateau phase, all the way to the GeV
emission and to the latest power-law of the afterglow.
This approach is clearly in contrast with the point 3
above.
3. GRB 130427A DATA
GRB 130427A is well-known for its high isotropic
energy Eiso ' 1054 erg, SN association and multi-
wavelength observations (Ruffini et al. 2015). It trig-
gered Fermi -GBM at 07:47:06.42 UT on April 27 2013
(von Kienlin 2013), when it was within the field of view
of Fermi -LAT. A a long-lasting (∼ 104 s) burst of ultra-
high energy (100 MeV–100 GeV) radiation was observed
(Ackermann et al. 2014). Swift started to follow from
07:47:57.51 UT, 51.1 s after the GBM trigger, observ-
ing a soft X-ray (0.3–10 keV) afterglow for more than
100 days (Maselli et al. 2014). NuStar joined the ob-
servation during three epochs, approximately ∼ 1.2, 4.8
and 5.4 days after the Fermi -GBM trigger, providing
rare hard X-ray (3–79 keV) afterglow observations (Kou-
veliotou et al. 2013). Ultraviolet, optical, infrared, and
radio observations were also performed by more than
40 satellites and ground-based telescopes, within which
Gemini-North, NOT, William Herschel, and VLT con-
firmed the redshift of 0.34 (Levan et al. 2013; Xu et al.
2013a; Wiersema et al. 2013; Flores et al. 2013), and
NOT found the associated supernova SN 2013cq (Xu
et al. 2013b). We adopt the radio, optical and the GeV
data from various published articles and GCNs (Perley
et al. 2014; Maselli et al. 2014; von Kienlin 2013; Son-
bas et al. 2013; Xu et al. 2013b; Ruffini et al. 2015).
The soft and hard X-rays, which are one of the main
subjects of this paper, were analyzed from the origi-
nal data downloaded from Swift repository1 and NuStar
archive2. We followed the standard data reduction pro-
cedure Heasoft 6.22 with relevant calibration files3, and
the spectra were generated by XSPEC 12.9 (Evans et al.
2007, 2009). During the data reduction, the pile-up ef-
fect in the Swift-XRT were corrected for the first 5 time
bins (see Fig. 5) before 105 s (Romano et al. 2006). The
NuStar spectrum at 388800 s is inferred from the closest
first 10000 s of the NuStar third epoch at ∼ 5.4 days, by
assuming that the spectra at these two times have the
1 http://www.swift.ac.uk
2 https://heasarc.gsfc.nasa.gov/docs/nustar/nustar_
archive.html
3 http://heasarc.gsfc.nasa.gov/lheasoft/
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Figure 1. Spectral fitting (Ruffini et al. 2015) of three
time intervals (196s - 246s, 246s - 326s, 326s - 461s) in the
Swift-XRT band (0.3 keV - 10 keV). Black points presents
the spectral data with H absorption, green dashed line is the
fitted thermal component, blue long-dashed line is the power-
law component, and red line is the sum of two components.
Clearly the temperature and the thermal flux drop along the
time.
same cutoff power-law shape but different amplitudes.
The amplitude at 388800 s was computed by fitting the
NuStar light-curve. A K-correction was implemented
for transferring observational data to the cosmological
rest frame (Bloom et al. 2001).
The GRB afterglow emission in the BdHN model orig-
inates from a mildly relativistic expanding supernova
ejecta. This has been confirmed by measuring the ex-
pansion velocity β ∼ 0.6 − 0.9 (corresponding to the
Lorentz gamma factor Γ < 5) within the early hunderds
of seconds after the trigger from the observed thermal
emission in the soft X-ray. For instance, Ruffini et al.
(2014) finds a velocity of β ∼ 0.8 for GRB 090618, and
in (Ruffini et al. 2018), GRB 081008 is found to have a
velocity β ∼ 0.9. The optical signal at tens of days also
implies a mildly relativistic velocity β ∼ 0.1 (Galama
et al. 1998; Woosley & Bloom 2006; Cano et al. 2017).
The expanding velocity can be directly inferred from
the observable X-ray thermal emission and is sum-
marised from Ruffini et al. (2018):
β5
4[ln(1 + β)− (1− β)β]2
(
1 + β
1− β
)1/2
=
DL(z)
1 + z
1
t2 − t1
(√
Fbb,obs(t2)
σT 4obs(t2)
−
√
Fbb,obs(t1)
σT 4obs(t1)
)
, (1)
The left term is a function of velocity β, the right term
is from observables, DL(z) is the luminosity distance
for redshift z. From the observed thermal flux Fbb,obs
and temperature Tobs at time t1 and t2, the velocity β
can be inferred. This model independent equation valid
in Newtonian and relativistic regimes is general. The
results inferred do not agree with the ones of the fireball
model (Daigne & Mochkovitch 2002; Pe’er et al. 2007),
coming from a ultra-relativistic shockwave.
Indeed, GRB 130427A is a well-known example of a
GRB associated with SN (Xu et al. 2013b). For this
GRB an X-ray thermal emission has been found between
196–461 s (Ruffini et al. 2015). The spectral evolution
of this source is presented in Figure 1. From the best
fit, we obtain a temperature in the observer’s frame that
drops in time from 0.46 keV to 0.13 keV. The thermal
flux also diminishes in time.
From Eq. (1), we obtain a radius in the labora-
tory frame that increases from 1.67+0.43−0.28 × 1013 cm to
1.12+0.49−0.33× 1014 cm. The velocity inferred from the first
and second spectra is β = 0.85+0.06−0.10, from the second
and third spectra increases to β = 0.96+0.02−0.03. The av-
erage velocity of the entire duration of thermal emis-
sion is β = 0.94+0.03−0.05, corresponding to a Lorentz factor
Γ = 2.98+1.20−0.79, at an average radius 3.50
+1.46
−0.97× 1013 cm.
At later observer’s time around 16.7 days after the GRB
trigger, the mildly relativistic velocity ∼ 32, 000 km s−1
(β ∼ 0.1) of the afterglow is measured from the line of Fe
II 5169 (Xu et al. 2013b). Both the mildly relativistic
velocities and the small radii are inferred directly from
the observations and agree with the required properties
of the BdHN model.
The above data are in contrast with the traditional
fireball model [e.g. (Piran 1999),] which involves a shock-
wave with a high Lorentz factor Γ ∼ 500 continuously
expanding and generating the prompt emission at a ra-
dius of ∼ 1015 cm, and then the afterglow at a lab-frame
radius of > 1016 cm. Therefore, any model of the after-
glow with ultra relativistic velocity following after the
UPE does not conform to the stringent observational
constraints.
One is left, therefore, with the task of developing a
consistent afterglow model with a mildly relativistic ex-
pansion that is compatible with this clear observational
evidence that the afterglow arises from mildly relativis-
tic ejecta. That is the purpose of the present work
4. ROLE OF THE NEW FAST-ROTATING NS IN
THE ENERGETICS AND PROPERTIES OF THE
GRB AFTERGLOW
Angular momentum conservation implies that the
νNS should be rapidly rotating. For example, the
gravitational collapse of an iron core of radius RFe ∼
5 × 108 cm of a carbon-oxygen progenitor star leading
to a SN Ic, rotating with an initial period of P ∼ 5 min,
implies a rotation period P = (RNS/RFe)
2PCO ∼ 1 ms
5for the newly formed neutron star. Thus, one expects
the νNS to have a large amount of rotational energy
available to power the SN remnant. In order to evaluate
such a rotational energy we need to know the structure
of fast rotating NSs. This we adopt from Cipolletta et al.
(2015).
The structure of NSs in uniform rotation is obtained
by numerical integration of the Einstein equations in ax-
ial symmetry and the stability sequences are described
by two parameters, e.g.: the baryonic mass (or the grav-
itational mass/central density) and the angular momen-
tum (or the angular velocity/polar to equatorial radius
ratio). The stability of the star is bounded by (at least)
two limiting conditions (see e.g. Stergioulas 2003, for
a review). The first is the mass-shedding or Keplerian
limit: for a given mass (or central density) there is a con-
figuration whose angular velocity equals that of a test
particle in circular orbit at the stellar equator. Thus,
the matter at the stellar surface is marginally bound
so that any small perturbation causes mass loss bring-
ing the star back to stability or to a point of dynam-
ical instability. The second is the secular axisymmet-
ric instability: in this limit the star becomes unstable
against axially symmetric perturbations and is expected
to evolve first quasi-stationarily toward a dynamical in-
stability point where gravitational collapse ensues. This
instability sequence thus leads to the NS critical mass
and it can be obtained via the turning-point method by
Friedman et al. (1988).
In Cipolletta et al. (2015) the values of the critical
mass were obtained for the NL3, GM1 and TM1 equa-
tions of state (EOS) and the following fitting formula
was found to describe them with a maximum error of
0.45%:
M critNS = M
J=0
crit (1 + Cj
a
NS), (2)
where jNS ≡ cJNS/(GM2) is a dimensionless angular
momentum parameter, JNS is the NS angular momen-
tum, C and a are parameters that depend on the nuclear
EOS, and MJ=0crit is the critical mass in the non-rotating
case (see Table 1).
The configurations lying along the Keplerian sequence
are also the maximally rotating ones (given a mass or
central density). The fastest rotating NS is the configu-
ration at the crossing point between the Keplerian and
the secular axisymmetric instability sequences. Fig. 2
shows the minimum rotation period and the rotational
energy as a function of the NS gravitational mass for the
NL3 EOS.
We turn now to the magnetosphere properties. Within
the traditional model of pulsars (Goldreich & Julian
1969), in a rotating, highly magnetized NS, a corotating
magnetosphere is enforced up to a maximum distance
1.0 1.5 2.0 2.5 3.0 3.5
MNS/M¯
0.0
0.5
1.0
1.5
2.0
2.5
3.0 Emaxrot (1053 erg)
Pmin (ms)
Figure 2. Rotational energy and period of NSs along the
Keplerian sequence for the NL3 EOS.
Rlc = c/Ω = cP/(2pi), where c is the speed of light
and Ω is the angular velocity of the star. This defines
the so-called light cylinder since corotation at larger dis-
tances implies superluminal velocities of the magneto-
spheric particles. The last B-field line closing within
the corotating magnetosphere is located at an angle
θpc = arcsin(
√
RNS/Rlc) ≈
√
RNS/Rlc =
√
RNSΩ/c =√
2piRNS/(cP ) from the star’s pole. The B-field lines
that originate in the region between θ = 0 and θ = θpc
(referred to as the magnetic polar caps) cross the light
cylinder and are called “open” field lines. Charged par-
ticles leave the star moving along the open field lines
and escape from the magnetosphere passing through
the light cylinder.
At large distances from the light cylinder the magnetic
field lines becomes radial. Thus, the magnetic field
geometry is dominated by the toroidal component which
decreases with the inverse of the distance. For typical
pulsar magnetospheres it is expected to be related to
the poloidal component of the field at the surface, Bs,
as (see Goldreich & Julian 1969, for details)
Bt ∼
(
2piRNS
cP
)2(
RNS
r
)
Bs, (3)
up to a factor of order unity. Thus, as the SN remnant
expands it finds a magnetized medium with a different
value of the B-field. We adopt a magnetic field of the
form
B(t) = B0
(
R0
r
)−m
, (4)
with 1 ≤ m ≤ 2. We then seek the value of m which fits
best the data (see Secs. 5–7).
According to the previous agreement we have found
between our model and GRB data (see e.g. Becerra et al.
6Table 1. Critical mass (and corresponding radius) obtained in Cipolletta et al. (2015) for selected parameterizations of the
nuclear EOS.
EOS MJ=0crit (M) R
J=0
crit (km) M
J 6=0
max (M) R
J 6=0
max (km) a C Pmin (ms)
NL3 2.81 13.49 3.38 17.35 1.68 0.006 0.75
GM1 2.39 12.56 2.84 16.12 1.69 0.011 0.67
TM1 2.20 12.07 2.62 15.98 1.61 0.017 0.71
Note—In the last column we list the rotation period of the fastest possible configuration which corresponds to that of the
critical mass configuration (i.e. secularly unstable) that intersects the Keplerian mass-shedding sequence.
2016; Ruffini et al. 2018), we shall adopt values for R0
and the expansion velocity R˙ (see below Secs. 5–7) and
leave the parameter B0 to be set by the fit of the after-
glow data. We then compare and contrast the results
with that expected from the NS theory.
5. MODEL FOR THE OPTICAL AND X-RAY
SPECTRUM OF THE AFTERGLOW
The origin of the observed afterglow emission is inter-
preted here as due to the synchrotron emission of elec-
trons accelerated in an expanding magnetic HN ejecta.4
A fraction of the kinetic energy of the ejecta is converted,
through a shockwave, to accelerated particles (electrons)
above GeV and TeV energies — enough to emit photons
up to the X-ray band by synchrotron emission. Depend-
ing on the shock speed, number density, magnetic field,
etc., different initial energy spectra of particles can be
formed. In the most common cases, the accelerated par-
ticle distribution function can be described by a power
law in the form of
Q(γ, t) = Q0(t)γ
−pθ(γmax − γ)θ(γ − γmin) , (5)
where γ = E/mc2 is the electron Lorentz factor, γmin
and γmax are the minimum and maximum Lorenz fac-
tors, respectively. Q0(t) is the number of injected parti-
cles per second per energy, originating from the remnant
impacted by the e+e− pair plasma of the GRB.
After the electrons are injected with a spectrum given
by Eq. (5), the evolution of the particle distribution at
a given time can be determined from the solution of the
kinetic equation of the electrons taking into account the
particle energy losses (Kardashev 1962)
∂N(γ, t)
∂t
=
∂
∂γ
(γ˙(γ, t)N(γ, t))−N(γ, t)
τ
+Q(γ, t) , (6)
where τ is the characteristic escape time and γ˙(γ, t) is
the cooling rate. In the present case the escape time for
4 We note that synchrotron emission of electrons in fast cooling
regime has been previously applied in GRBs but to explain the
prompt emission (see e.g. Uhm & Zhang 2014).
electrons is much longer than the characteristic cool-
ing time scale (fast cooling regime). The term γ˙(γ, t)
includes various electron energy loss processes, such as
synchrotron and inverse-Compton cooling as well as adi-
abatic losses due to the expansion of the emitting re-
gion. For the magnetic field considered here, the domi-
nant cooling process for higher energy electrons is syn-
chrotron emission (the electron cooling timescale due to
inverse-Compton scattering is significantly longer) while
adiabatic cooling can dominate for the low energy elec-
trons at later phases. By introducing the expansion ve-
locity of the remnant R˙(t) and its radiusR(t), the energy
loss rate of electrons can be written as
γ˙(γ, t) =
R˙(t)
R(t)
γ +
4
3
σT
mec
B(t)2
8pi
γ2 , (7)
where σT is the Thomson cross section and B(t) is the
magnetic field strength. From the early X-ray data we
find that the initial expansion velocity of GRB 130427A
at times ∼ 102 s is 0.8c (Ruffini et al. 2015), which then
decelerates to 0.1c at 106 s, as inferred from the SN
optical data (Xu et al. 2013b).
Supernova or hypernova remnants like the one con-
sidered here generally evolve through three stages (see
Sturner et al. 1997). These are the free expansion phase,
the Sedov phase, and the radiative cooling phase. The
free expansion phase roughly ends when the total mass
of gas swept up by the shock equals the initial super-
nova ejecta mass. During this phase, the shock velocity
remains nearly constant at its initial velocity v0 and the
outer radius R of the ejecta evolves linearly in time af-
ter the explosion. This phase ends (Sturner et al. 1997)
when
t ≈ 50 yr×
[(
Mej
5M
)
×
(
1 cm−3
nISM
)
×
(
v0
0.1 c
)3]1/3
,
(8)
where Mej is the HN ejected mass and nISM is the hy-
drogen density in the local interstellar medium. For a
mildly relativistic ejecta (v/c ∼ 0.9, Γ ∼ 3) in a typical
ISM of nISM ≈ 1 cm−3 this phase lasts for 450 years.
Even if the ISM is 1000 times more dense due to past
mass loss of the progenitor star, this phase still lasts for
745 years. Since we only consider times much less than
a year (out to 107 sec) we are completely justified in
treating the expansion as a “ballistic” constant velocity
rather than a Sedov expansion.
Nevertheless, we allow for an initial linearly decelerat-
ing eject as observed in the thermal component (cf. Sec.
3)) until 106 s. After which it is allowed to expand with
a constant velocity of 0.1c. Thus, the expansion velocity
of the ejecta is written as
R˙(t) =
v0 − a0 t t ≤ 106svf t > 106s , (9)
R(t) =
v0 t− a0 t2/2 t ≤ 106s1.05× 1016 cm + vf t t > 106s , (10)
where v0 = 2.4 × 1010 cm s−1, a0 = 2.1 × 104 cm s−2,
and vf = 3× 109 cm s−1.
Due to the above decelerating expansion of the
emitting region, the magnetic field decreases. There-
fore we adopt a magnetic field that scales as B(t) =
B0
(
R(t)
R0
)−m
with 1 ≤ m ≤ 2. We shall show below
(see Sec. 7) that the data are best fit with m = 1.
This corresponds to conservation of magnetic flux for
the longitudinal component.
The initial injection rate of particles, Q0(t), depends
on the energy budget of ejecta and on the efficiency of
converting from kinetic to non-thermal energy. This can
be defined as
L(t) = Q0(t)mec
2
∫ γmax
γmin
γ1−pdγ , (11)
where it is assumed that L(t) varies in time, based on
the recent analyses of BdHNe which show that the X-
ray light curve of GRB 130724A decays in time follow-
ing a power-law of index ∼ −1.3 (Ruffini et al. 2015; see
Fig. 3). In our interpretation, the emission in the optical
and X-ray bands is produced from synchrotron emission
of electrons: if one assumes the electrons are constantly
injected (L(t) = L), this will produce a constant syn-
chrotron flux. Thus, we assume that the luminosity of
the electrons changes from an initial value L0 as follows:
L(t) = L0 ×
(
1 +
t
τ0
)−k
, (12)
where the L0 and k are fixed by the observed afterglow
light curve (see Eq. 13) (see details below in Secs. 6 and
7).
The kinetic equation given in Eq. (6) has been solved
numerically. The discretized electron continuity equa-
tion (6) is re-written in the form of a tridiagonal matrix
which is solved using the implementation of the “tridiag”
routine in Press et al. (1992). We have carefully tested
our code by comparing the numerical results with the
analytic solutions given in Kardashev (1962).
The synchrotron luminosity temporal evolution is cal-
culated using N(γ, t) with
Lsyn(ν, t) =
∫ γmax
1
N(γ, t)Psyn(ν, γ,B(t))dγ, (13)
where Psyn(ν, γ,B(t)) is the synchrotron spectra for a
single electron which is calculated using the parameter-
ization of the emissivity function of synchrotron radia-
tion presented in Aharonian et al. (2010).
6. INITIAL CONDITIONS FOR GRB 130724A
In Ruffini et al. (2018) an analysis was completed
for seven subclasses of GRBs including 345 identified
BdHNe candidates, one of which is GRB 130724A that
was seen in the Swift-XRT data and analyzed in detail
in Ruffini et al. (2015). From the host-galaxy identifi-
cation it is known that this burst occurred at a redshift
z = 0.334. After transforming to the cosmological rest-
frame of the burst and properly correcting for effects
of the cosmological redshift and Lorentz time dilation,
one can infer a time duration t90 = 162.8 s for 90% of
the GRB emission. The isotropic energy emission in the
range of 1–104 keV in the cosmological rest-frame of the
burst is also deduced to be Eiso = (9.3± 1.3)× 1053 erg
and the total emission in the power-law afterglow can be
inferred (Ruffini et al. 2015). This fixes L0 in Eq. (12).
Fig. 3 shows the slope of the light-curve, defined by
the logarithmic time derivative of the luminosity: slope
= d log10(L)/d log10(t). This slope is obtained by fit-
ting the luminosity light-curve in the cosmological rest-
frame, using a machine learning, locally weighted re-
gression (LWR) algorithm. We have made publicly
available the corresponding technical details and codes
to perform this calculation at: https://github.com/
YWangScience/AstroNeuron. The green line is the
slope of the soft X-ray emission, in the 0.3–10 keV
range, and the blue line corresponds to the optical R-
band, centered at 658 nm. The solid line covers the time
when the data are well observed, while the dashed line,
corresponds to an epoch in which observational data are
missing. The rapid change of the slope implies variations
of the energy injection, different emission mechanisms
or different emission phases. The slope of the soft X-ray
emission varies dramatically at early times when var-
ious complicated GRB components (prompt emission,
gamma-ray flare, X-ray flare) are occurring. Hence, we
do not attempt to explain this early part with the syn-
chrotron emission model defined above. We only con-
sider times later than 103 s. Also we note that, at times
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Figure 3. The slope of the afterglow light-curve of BdHN
130427A, defined by the logarithmic time derivative of the
luminosity: slope = d log10(L)/d log10(t). This slope is ob-
tained by fitting the luminosity light-curve in the cosmolog-
ical rest-frame, using a machine learning, locally weighted
regression (LWR) algorithm. For the corresponding tech-
nical details and codes we refer the reader to: https:
//github.com/YWangScience/AstroNeuron. The green line
is the slope of the soft X-ray emission, in the 0.3–10 keV
range, and the blue line corresponds to the optical R-band,
centered at 658 nm.
later than 105 s, the slopes of the X-ray and R bands
reach a common value of −1.33, indicated as a red line.
Furthermore, we are not interested in explaining the
GeV emission observed in most of BdHNe (when LAT
data are available) with the synchrotron radiation model
proposed here. Such emission has been explained in
Ruffini et al. (2015) as originating from the further ac-
cretion of matter onto the newly-formed BH. This ex-
planation is further reinforced by the fact that a similar
GeV emission, following the same power-law decay with
time, is also observed in the authentic short GRBs (S-
GRBs; short bursts with Eiso & 1052 erg; see Ruffini
et al. 2016) which are expected to be produced in NS-
NS mergers leading to BH formation (Ruffini et al. 2016;
Aimuratov et al., in preparation).
Regarding the model parameters, the initial velocity
of the expanding ejecta is expected to be v0 = 2.4 ×
1010 cm s−1 (Ruffini et al. 2015) from the thermal black
body emission. Similarly, the radius at the beginning of
the X-ray afterglow should be R0 ≈ 2.4× 1012 cm. This
corresponds to an expansion timescale of t0 = τ0 =
100 s. These values are consistent with our previous
theoretical simulations of BdHNe (Becerra et al. 2016).
For our simulation of this burst we include all expected
energy losses (synchrotron and adiabatic energy losses).
However, the escape timescale was assumed to be large
so that its effect could be neglected.
7. RESULTS
Our modeling of the broadband spectral energy dis-
tribution (SED) of GRB 130724A for different periods
is shown in Fig. 4. The corresponding parameters are
given in Table 2. However, as noted above the 8 pa-
rameters in Table 2 are not all “free” and independent.
For example, R0 and t0 = τ0 are fixed by the observed
thermal component. Also, γmin and γmax are fixed once
B is given. L0 is fixed by a normalization of the ob-
served source luminosity. The synchrotron index p is
not varied, but kept fixed at 1.5 as typical of synchrotron
emission. The parameter k is fixed by the slope of the
late time X-ray afterglow. Hence, the only “free param-
eter” is B0. This parameter then provides an excellent
fit to the observed spectra and light curves over a broad
range of wavelengths and time scales for a single plausi-
ble value.
The radio emission is due to low-energy electrons that
accumulate for longer periods. That is why the radio
data are not included in the model. Only the optical
and X-ray emissions are interpreted as due to the syn-
chrotron emission of electrons. Such emission, for in-
stance at 604 s, is produced in a region with a radius of
1.4× 1014 cm and a magnetic field of B = 8.3× 104 G.
For this field strength synchrotron self-absorption can
be significant as estimated following Rybicki & Light-
man (1979). At the initial phases, when the system is
compact and the magnetic field is large, synchrotron-
self absorption can be neglected for the photons with
frequencies above 1014 Hz. Otherwise, it is important.
Thus, it is effective in reducing the radio flux predicted
by the model, but not the optical and X-ray emission.
The optical and X-ray data can be well fit by a sin-
gle power-law injection of electrons with Q ∝ γ−1.5
and with initial minimum and maximum energies of
γmin = 4 × 103 (Emin = 2.0 GeV) and γmax = 5 × 105
(Emax = 255.5 GeV), respectively. Due to the fast syn-
chrotron cooling, the electrons are cooled rapidly form-
ing a spectrum of N(γ, t) ∼ γ−2 for γ ≤ γmin and
N(γ, t) ∼ γ−2.5 for γ ≥ γmin. The slope of the syn-
chrotron emission (νFν ∝ ν1−s) below the frequency
defined by γmin (e.g., h νmin ' 3 e h B(t) γ2min/4 pi me c)
is s = (2 − 1)/2 = 0.5. This explains well both the
optical and X-ray data.
For frequencies above νmin, the slope is νFν ∝ ν0.25
which continues up to hνmax ' 3ehB(t)γ2max/(4pimec).
Since νmin and νmax depend on the magnetic field, they
decrease with time, e.g. at t = 5.2 × 106 s, νmin '
6.5 × 1014 Hz and νmax ' 1.0 × 1019 Hz. Due to the
changes in the initial particle injection rate and mag-
netic field, the synchrotron luminosity also decreases.
This is evident from Fig. 5, where the observed optical
9Table 2. Parameters used for
the simulation of GRB 130724A.
Parameter Value
B0 5.0(±1)× 105 G
R0 2.4× 1012 cm
L0 2.0× 1051 erg/s
k 1.58
τ0 1.0× 102 s
p 1.5
γmin 4.0× 103
γmax 5.0× 105
604s
1987s
6048s
19872s
60480s
388800s
5184000s
νL
ν	(
er
g/
s)
1039
1042
1045
1048
ν	(Hz)
109 1012 1015 1018 1021 1024 1027
Figure 4. Model evolution (lines) of synchrotron spectral
luminosity at various times compared with measurements
(points with error bars) in various spectral bands for GRB
130724A.
and X-ray light-curves of GRB 130427A are compared
with the theoretical synchrotron emission light-curve ob-
tained from Eq. (13). In this figure we also show the
electron injection power L(t) given by Eq. (12). Here, it
can be seen how the synchrotron luminosity fits the ob-
served decay of the afterglow luminosity with the correct
power-law index − 1.3 (see also Fig. 3).
The SN ejecta is expected to become transparent to
the νNS radiation at around 105 s. Thus, we now discuss
the pulsar emission that might power the late (t 105 s)
X-ray afterglow light-curve.
Electron injection power L(t)
XRT band Lsyn(t) [0.3 - 10 keV]
XRT data
Optical band Lsyn(t) [1.65 - 3.26 eV]
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Figure 5. X-ray light-curve of GRB 130427A (points with
error bars) together with the optical and X-ray theoretical
synchrotron light-curve (lines) from Eq. (13). We also show
the electron injection power L(t) given by Eq. (12).
The late X-ray afterglow also shows a power-law decay
of index ∼ −1.3 which, as we show below, if powered by
the pulsar implies the presence of a quadrupole magnetic
field in addition to the traditional dipole one.
Thus, we adopt a dipole+quadrupole magnetic field
model (see Pe´tri 2015, for details). The luminosity from
a pure dipole (l = 1) is
Ldip =
2
3c3
Ω4B2dipR
6
NS sin
2 χ1, (14)
where χ1 = 0 degrees gives the axisymmetric mode
m = 0 alone whereas χ1 = 90 degrees gives the m = 1
mode alone. The braking index, following the tradi-
tional definition n ≡ ΩΩ¨/Ω˙2, is in this case n = 3.
On the other hand, the luminosity from a pure
quadrupole field (l = 2) is
Lquad =
32
135c5
Ω6B2quadR
8
NS sin
2 χ1(cos
2 χ2 +10 sin
2 χ2),
(15)
where the different modes are easily separated by taking
χ1 = 0 and any value of χ2 for m = 0, (χ1, χ2) = (90,
0) degrees for m = 1 and (χ1, χ2) = (90, 90) degrees for
m = 2. The braking index in this case is n = 5.
Thus, the quadrupole to dipole luminosity ratio is:
Rquaddip = η
2 16
45
R2NSΩ
2
c2
, (16)
where
η2 = (cos2 χ2 + 10 sin
2 χ2)
B2quad
B2dip
. (17)
It can be seen that η = Bquad/Bdip for the m = 1
mode, and η = 3.16 × Bquad/Bdip for the m = 2
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mode. For a 1 ms period νNS, if Bquad = Bdip, the
quadrupole emission is about ∼ 10% of the dipole emis-
sion, if Bquad = 100 × Bdip, the quadrupole emission
increases to 1000 times the dipole emission; and for
a 100 ms pulsar, the quadrupole emission is negligible
when Bquad = Bdip, or only ∼ 10% of the dipole emis-
sion even when Bquad = 100 × Bdip. From this result
one infers that the quadrupole emission dominates in the
early fast rotation phase, then the νNS spins down and
the quadrupole emission drops faster than the dipole
emission and, after tens of years, the dipole emission
becomes the dominant component.
The evolution of the νNS rotation and luminosity are
given by
dE
dt
=−IΩΩ˙ = −(Ldip + Lquad)
=− 2
3c3
Ω4B2dipR
6
NS sin
2 χ1
(
1 + η2
16
45
R2NSΩ
2
c2
)
,(18)
where I is the moment of inertia. The solution is
t = f(Ω)− f(Ω0) (19)
where
f(Ω) =
3Ic{ 1645η2R2NSΩ2[2 ln Ω− ln(c2 + 1645η2R2NSΩ2)] + c2}
4B2dip sin
2 χ1R6NSΩ
2
(20)
and
f(Ω0) =
3Ic{ 1645η2R2NSΩ20[2 ln Ω0 − ln(c2 + 1645η2R2NSΩ20)] + c2}
4B2dip sin
2 χ1R6NSΩ
2
0
(21)
The first and the second derivative of the angular ve-
locity are
Ω˙ = −2B
2
dip sin
2 χ1R
6
NSΩ
3
3Ic3
(1 + η2
16
45c2
R2NSΩ
2) (22)
Ω¨ = −2B
2
dip sin
2 χ1R
6
NSΩ
2Ω˙
Ic3
(1 + η2
16
27c2
R2NSΩ
2) (23)
Therefore the braking index is
n =
ΩΩ¨
Ω˙2
=
135c2 + 80η2R2NSΩ
2
45c2 + 16η2R2NSΩ
2
(24)
that in the present case ranges from 3 to 5. From
Eqs. (19–22) we can compute the evolution of total pul-
sar luminosity as
Ltot(t) = IΩΩ˙. (25)
Figure 6 shows the luminosity obtained from the above
model for a 1.5 M pulsar with a radius of 1.5×106 cm,
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Figure 6. The observed luminosity of GRB 130427A in the
0.3–50 keV band (grey points), and the theoretical luminos-
ity from a pulsar for selected quadrupole to dipole magnetic
field ratio and quadrupole angles in color lines. Other param-
eters of the pulsar are fixed: initial spin period P0 = 2 ms,
dipole magnetic field Bdip = 5 × 1012 G, inclination angle
χ1 = pi/2, mass M = 1.5 M, radius RNS = 1.5× 106 cm.
Bdip = 5× 1012 G, an initial rotation period P0 = 2 ms,
and for selected values of the parameter η. This fig-
ure shows that the theoretical luminosity of the pulsar
is close to the soft X-ray luminosity observed in GRB
130427A when η is around 100. This means, if choosing
the harmonic mode m = 2, the quadrupole magnetic
field is about 30 times stronger than the dipole mag-
netic field. The luminosity of the pulsar before 106 s
is mainly powered by the quadrupole emission, which
is tens of times higher than the dipole emission. At
about 10 years the dipole emission starts to surpass the
quadrupole emission and continues to dominate there-
after.
It is important to check the self-consistency of the
estimated νNS parameters obtained first from the early
afterglow via synchrotron emission and then from the
late X-ray afterglow via the pulsar luminosity. We can
obtain from Eqs. (4) and (3), via the values of B0 and
R0 from Table 2 and for P0 = 2 ms, an estimate of
the dipole field at the νNS surface from the synchrotron
emission powering the early X-ray afterglow, Bs ≈ 6.7×
1012 G. This value is to be compared with the one we
have obtained from the pulsar luminosity powering the
late afterglow, Bdip = 5×1012 G. The self-consistency of
the two estimates is remarkable. In addition, the initial
rotation period P0 = 2 ms for the νNS is consistent with
our estimate in Sec. 4 based upon angular momentum
conservation during the gravitational collapse of the iron
core leading to the νNS. It can also be checked from
Fig. 2 that P0 is longer than the minimum period of
11
a 1.5 M NS, which guarantees the gravitational and
rotational stability of the νNS.
8. CONCLUSIONS
We have constructed a model for a broad frequency
range of the observed spectrum in the afterglow of
BdHNe. We have made a specific fit to the BdHN
130427A as a representative example. We find that the
parameters of the fit are consistent with the BdHN in-
terpretation for this class of GRBs.
We have shown that the optical and X-ray emission
of the early (102 s. t . 106 s) afterglow is explained
by the synchrotron emission from electrons expanding
in the HN threading the magnetic field of the νNS. At
later times the HN becomes transparent and the electro-
magnetic radiation from the νNS dominates the X-ray
emission. We have inferred that the νNS possesses an
initial rotation period of 2 ms and a dipole magnetic
field of (5–7)×1012 G. It is worth mentioning that we
have derived the strength of the magnetic dipole inde-
pendently by the synchrotron emission model at early
times (t . 106 s) and by the magnetic braking model
powering the late (t & 106 s) X-ray afterglow and show
that they are in full agreement.
In this paper we proposed a direct connection be-
tween the afterglow of a BdHN and the physics of a
newly born fast-rotating NS. This establishes a new self-
enhancing understanding both of GRBs and young SNe
which could be of fundamental relevance for the under-
standing of ultra-energetic cosmic rays and neutrinos as
well as new ultra high energy phenomena.
It appears to be now essential to extend our compre-
hension in three different directions: 1) understanding
of the latest phase of the afterglow; 2) the possible con-
nection with historical supernovae; as well as 3) to ex-
tend observations from space of the GRB afterglow in
the GeV and TeV energy bands. These last observa-
tions are clearly additional to the current observations
of GRBs and GRB GeV radiation, originating from a
Kerr-Newman BH and totally unrelated to the astro-
physics of afterglows.
One of the major verifications of our model can come
from observing, in still active afterglows of historical
GRBs, the pulsar-like emission from the νNS we here
predict, and the possible direct relation of the Crab Neb-
ula to a BdHN is now open to further examination.
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